Volatile aromatic compounds have a major impact on the final organoleptic properties of cider, and their profiles are influenced by a number of parameters that are closely related to production technologies, especially with regard to the raw material, the microorganism used and the fermentation process. In this work, the profiles of volatile compounds (4 fatty acids, 6 higher alcohols and 12 esters) from 34 European ciders were studied using HS-SPME-GC-MS. Volatiles were isolated by HS-SPME using a CAR/PDMS fiber. Analytical data were statistically evaluated using principal component analysis, and differences in composition of volatiles between cider produced using "intensified" technologies and that of ciders produced by traditional production processes were demonstrated. This difference was mainly due to varying contents of some higher alcohols (2-methylpropanol, isoamyl alcohols, hexanol, and butane-2,3-diol) and esters (ethyl 2-methylbutanoate, butylacetate, and hexyl acetate).
Introduction
Cider, a traditional alcoholic beverage with a long production history, is produced in several countries on all continents except for Antarctica. Great Britain is currently the top European producer, followed by France and Spain, but cider production has increased dramatically in other countries, particularly the USA, Germany, Canada, Brazil, Argentina, Chile and Paraguay [1] . Nowadays, cider is becoming more and more popular, and one example of such popularity can be found in the increasing consumption in countries without a long tradition of cider-making, such as the Czech Republic, where the rate of growth of the cider market is one of the highest in Europe [2] . Popularity may be connected with the specific organoleptic profiles of ciders, which are closely associated with the variable contents of many aromatic compounds in the final beverage. One such group is commonly known as "volatile compounds", covering a number of different classes of chemical compounds-alcohols [3, 4] , short and medium chain fatty acids and esters [5, 6] . Some of these components originate from apples, but most of them are formed during fermentation and maturation [7] . The most important alcohols in cider include 2-phenylethanol [8] , propanol, butanol, hexanol, 2-methyl-propanol, 2-methyl-butanol, 3-methyl-butanol, 2,3-butanediol and glycerol [9] . These substances have a typically warm or sweet sensory character and 2-methylbutanol and 3-methylbutanol also give cider an alcoholic flavor [10] . Esters with a significant impact on the final sensory profile are hexyl acetate with an aroma of green apples [11] , ethyl-2-methylbutanoate with an aroma of yellow apples [12] , isoamyl acetate, which is characterized by its banana flavor [11] and also ethyl lactate, ethyl butanoate, ethyl hexanoate, The majority of ciders analyzed contained higher levels of alcohols than esters, which is probably due to the fact that the major quantity of higher alcohols is produced during the primary phase of fermentation as a result of intense metabolic transformations of proteins that were necessary for biomass growth during primary production [24] . On the other hand, the formation of esters, mostly by direct esterification of acids with these alcohols, takes place subsequently, mainly during maturation. Up to 75% of all higher alcohols are generated by amino acid deamination and subsequent reduction of their oxo-forms, 10% of higher alcohols are formed as a by-product of sugar utilization and the remaining 15% through non-specific biochemical pathways [24] . The rate of growth of biomass is significantly affected by dissolved oxygen, so increased aeration at the beginning of fermentation leads to increased concentrations of higher alcohols [24] . The importance of amino acid metabolism for the formation of higher alcohols is confirmed by the fact that alcohols that reached the highest concentration were amyl alcohols (2-methyl-and 3-methylbutanol) as well as another branched alcohol, 2-methylpropanol, which are predominantly formed from corresponding amino acids leucine, isoleucine and valine, respectively [24] .
A higher concentration of hexanol, which is one of the main precursors of the typical apple flavor, was observed especially in ciders made from fresh unpasteurized must, because heat treatment (pasteurization) leads to the release of volatiles from the must so their levels in finished products are lower [25] .
A higher concentration of butane-2,3-diol in fermented beverages is the result of reduction of diacetyl, mainly by bacterial microflora [26] . Therefore the highest concentrations of butane-2,3-diol were found in samples 23 and 24 (concentration 41.5 and 44.6 mg/L respectively), which are very specific samples made from sour apple varieties using exclusively native microflora (yeast and bacteria) from the surface of apples; this enables high attenuation of the must. Samples 19, 21, 22 also contained higher concentrations of butane-2,3-diol than the majority of samples. These ciders were fermented using a combination of natural microflora and a pure yeast culture, which partially suppressed the growth of wild-type microorganisms [14] . Therefore, the relative amount of butane-2,3-diol was not so high in these samples in comparison with samples 23 and 24. Another explanation may be based on differences in fermentation and maturation parameters, manifested in lower concentrations of ethanol in samples 19, 21, 22. Concentrations of butane-2,3-diol over the above were also detected in samples 1, 4 and 5. All of these samples were industrially produced in large volumes from juice apple concentrate using a pure yeast culture, which leads to the elimination of the influence of wild cultures originating from apples. Therefore, the increased concentrations of these compounds are probably due to higher temperatures of fermentation, commonly used to reduce diacetyl, and to accelerate fermentation. These intensified processes may not be long enough for sufficient degradation of butane-2,3-diol [27] , and thus these ciders contain high concentrations of butane-2,3-diol, but not as high as ciders fermented by wild or mixed cultures [28] .
Esters are another important group of sensory-active compounds in alcoholic beverages, mainly as the source of fruity and/or floral aromas in finished products [5] . The esters are mainly formed by esterification of fatty acids with ethanol or higher alcohols arising from the Ehrlich pathway [29] . The most common esters in ciders are ethyl-esters, derived from ethanol, and acetates derived from acetic acid [13, 30] . The esters that were mostly in concentrations close to their thresholds were isoamyl acetate (banana aroma), [22] , 2-phenylethyl acetate (honey and floral aroma), [22] and hexyl acetate, which is produced from hexanol, an intermediate of fatty acid metabolism [31] , and is known as one of the basic components of cider apple flavor [32] .
When maturation is carried out through secondary fermentation in a bottle by a wild or mixed microflora (cider 24, 23, 13, 10 and 31), the level of esters, especially ethyl acetate [24] , increased significantly as a result of prolonged malolactic fermentation [21] , while the content of the majority of higher alcohols decreased [23] . One of the main factors determining the final ratio of higher alcohols to esters was the amount of fermentable nitrogenous substances in the must, and the maturation time [24, 33] .
The content of volatile fatty acids also varied depending on some technological parameters, as documented by a comparison of industrial and craft ciders. Apart from the different raw materials, the crucial difference between these groups was the maturation time. Intensified (faster and deeper) fermentation leads to limited formation of fatty acids as well as other sensory active volatiles. That was proven by the correlation between the amount of ethanol and the total content of aromatics (higher alcohols, esters and fatty acids). The correlation coefficient was 0.3922, which is sufficient to confirm a correlation with a level of significance p = 0.05 for 34 different samples. A similar correlation was published previously [34] .
Influence of Production Technology
On the basis of the above, it can be hypothesized that individual technological factors (raw material, fermentation method, and type of microorganism) produce significant differences in the chemical composition of ciders, and this can be documented on the basis of the volatiles profile. Using this profile, it is possible to differentiate statistically between ciders produced on large-scale using intensified technological processes and ciders manufactured by small-scale producers preferring more traditional technologies.
Principal component analysis and factor analysis were applied on two groups of different samples to confirm the assumption that the use of apple juice concentrate or blending of apple wine and apple juice, together with a different approaches to processing, will affect the contents of volatile substances and therefore these samples will have different organoleptic properties. Data are presented in the form of a scatterplot ( Figure 1 ) and factor loading (Table 2) showing that differences in volatile profiles between the products from small craft manufacturers and large-scale producers led to a separation of samples based on values of the two most important factors, 1 and 2. Factor 1, describing 23.90% of the total variability, includes the contents of octanoic acid and three esters (isoamyl acetate, ethyl hexanoate and ethyl octanoate). Factor 2, defining 19.78% of variability, includes the ester ethyl-2-methylbutanoate and two branched chain alcohols (2-methylpropanol and 2-methylbutanol). In addition, statistically significant differences in concentrations of butane-2,3-diol (factor 3) were found.
These statistically significant dependencies indicate that differences in the composition of cider volatiles are attributable partially to compounds already occurring in higher concentrations in the raw materials (ethyl 2-methylbutanoate) [33] , but also to compounds such as isoamyl acetate and branched alcohols formed during fermentation, whose contents may be affected by the fermentation conditions (temperature, time, and microflora) [7, 17] . The lower content of volatile substances in ciders produced in large scale can be caused, for example, by the use of different raw materials (apple juice concentrate or apple wine) that usually contain fewer volatile compounds and their precursors, e.g., free amino acids that influence the composition of higher alcohols [24] . An intensified production process using rapid fermentation without maturation or aging can also affect the volatiles profile [25] , creating or reducing volatile compounds, especially esters [5, 35] . This was confirmed by similarities between sample 25 from a large-scale producer and ciders from small-scale manufacturers. Sample 25 contained a higher concentration of esters as a result of maturation time, and samples 14, 26 and 30 from small-scale producers were more similar to products from large cider houses, as they were not being intensively fermented and contained lower levels of ethanol. As indicated by the alcohol content of samples 14, 26, 30, a shorter fermentation time also leads to lower levels of secondary fermentation products such as higher alcohols and especially esters [36] . The ratio of higher alcohols to esters was therefore more similar to ciders in the red group (Figure 1 ).
The impact of using different raw materials and unusual techniques was demonstrated in the group of samples 2, 4, 5, 7, which clustered separately from the rest of the ciders from large-scale production, these ciders being made by mixing de-aromatized wine with fortified apple concentrate. Such a production format also affected the volatiles composition and these ciders had very distinct organoleptic properties. An important technological aspect affecting fermentation is pressure in the fermentation vessel. If cider is produced in large volumes, the hydrostatic pressure is higher and negatively affects the formation of volatile aromatic compounds [24, 37] . Higher pressure also increases the concentration of dissolved carbon dioxide, which leads to a decrease in the uptake of free amino acids, the precursors of sensory active substances, and consequently to a reduction in the production of higher alcohols and acetates [38] .
Another effect leading to a different profile of volatiles is a different post-fermentation approach. Modern kieselguhr-filtration, usually used for the industrial filtration of beer, wine and cider, is generally considering as very gentle [39] . However, it was found that during filtration, the content of higher alcohols, as well as the content of volatile and non-volatile acids, decreased, even though the ester content did not change significantly [39] . This suggests that esterification is not the main factor [30] , and because filtration only takes a few hours, this is not sufficient for a significant change in the composition of the volatile substances [30] . The origin of these changes is probably related to the adsorption of volatile substances to kieselguhr [39] , whose higher affinity for alcohols than for esters has already been demonstrated [22, 39] .
Differences in the composition of volatile substances in the ciders analyzed can also be explained by pasteurization, which leads to a decrease in the content of higher alcohols, esters and fatty acids [40] .
Influence of Pitching Microorganism
One of the most important factors affecting fermentation is the microorganism used. For some of our samples (16 from 34 ciders, all from small-scale producers using fresh apple must), the general composition of the inoculum and place of origin were known. It was either pure yeast Saccharomyces cerevisiae, a mixture of yeasts and bacteria from the surface of apples (autochthonous culture) or an autochthonous culture with the addition of pure yeast ( Table 4 ). The aim of this comparison via principal component analysis was to find statistically significant differences in the composition of these samples and to explain whether the choice of microorganism or the mixture influenced the profile of volatiles [17] . The results are presented in the form of a scatterplot (Figure 2 ) and show that samples could be divided into groups based on factor 1 (35.63% variability), which includes the content of the branched alcohol 3-methylbutanol, octanoic acid, and five esters (butyl acetate, isoamyl acetate, ethyl hexanoate, ethyl octanoate and ethyl decanoate), and factor 3 (15.58% variability) which includes (ethyl acetate, hexanol, acetic acid, 2-phenylethanol). In addition, statistically significant differences in concentrations of hexyl acetate (factor 2), and medium chain fatty acids (C-6, C-10), (factor 4) were found. Individual loadings for all compounds are shown in Table 3 . Table 3 .
The dissimilarity of Spanish ciders 23 and 24 and one Czech cider 13, produced exclusively by autochthonous culture, was confirmed. These samples contained the highest levels of the majority of volatile substances, in particular acetic acid and ethyl acetate. Samples 23 and 34 contained the highest levels of butane-2,3-diol. The second group, consisted of ciders 19, 20, 21, 22, 26, 30 -all French, not so deeply attenuated, which were produced from unpasteurized apple must containing wild microorganisms, but were pitched with strains of Saccharomyces cerevisiae. The last one was a group of English ciders, 14, 15, 16, 17, and 18 that were fermented exclusively using a pure yeast culture. These ciders contained predominantly higher alcohols because yeast metabolism is characterized by the production of higher alcohols rather than esters [28] . In this group was also one Czech cider, 10, which had the highest content of 2-phenylethanol from all samples. It was produced exclusively by autochthonous culture, but was not maturated for as long as samples 13, 23, and 24, Figure 2 . Principal component analysis of ciders fermented by different techniques: exclusively autochthonous culture (red); pure strains of Saccharomyces cerevisiae (blue); autochthonous culture with addition of pure strains of Saccharomyces cerevisiae (black), based on Table 3 . The dissimilarity of Spanish ciders 23 and 24 and one Czech cider 13, produced exclusively by autochthonous culture, was confirmed. These samples contained the highest levels of the majority of volatile substances, in particular acetic acid and ethyl acetate. Samples 23 and 34 contained the highest levels of butane-2,3-diol. The second group, consisted of ciders 19, 20, 21, 22, 26, 30-all French, not so deeply attenuated, which were produced from unpasteurized apple must containing wild microorganisms, but were pitched with strains of Saccharomyces cerevisiae. The last one was a group of English ciders, 14, 15, 16, 17, and 18 that were fermented exclusively using a pure yeast culture. These ciders contained predominantly higher alcohols because yeast metabolism is characterized by the production of higher alcohols rather than esters [28] . In this group was also one Czech cider, 10, which had the highest content of 2-phenylethanol from all samples. It was produced exclusively by autochthonous culture, but was not maturated for as long as samples 13, 23, and 24, and therefore the composition of volatiles was mainly higher alcohols, especially 2-phenylethanol, which is formed from phenylalanine via metabolic transformations under anaerobic conditions [41] . This alcohol occurs naturally in apple juice in trace amounts but its concentration increases rapidly during the main fermentation [42] . In addition, in sample 31, 3-methylbutanol was the second highest of all ciders and this sample also had a high content of acetic acid and ethyl acetate; it therefore stands at a distance from other samples in the scatterplot.
Material and Method

Description of Samples
Thirty-four different ciders from seven different European countries (Czech Republic, Slovakia, France, Great Britain, Ireland, Spain and Estonia) were obtained from local markets. Eleven of them were manufactured by producers using modern, intensified technologies such as fast fermentation of pasteurized apple-juice concentrate (AJC) by a pure yeast culture (Saccharomyces cerevisiae) or by blending high alcohol content apple wine with apple juice in large-scale. The rest of the ciders were manufactured by smaller producers using classical techniques from unpasteurized must (UM), either exclusively using fermentation by wild microflora from apples, or by adding a pure yeast culture. An overview of the technological parameters for individual ciders is given in Table 4 . 
Reagents
All standards at analytical purities were obtained from Fluka (DE), Sigma-Aldrich (USA), and Alfa Aesar (DE). Gas chromatography-grade ethanol was purchased from Merck (DE). Sodium chloride was purchased from Penta (CZ). Demineralized water was prepared using a Milli-Q Millipore water purification system (Millipore, Bedford, MA, USA).
Ethanol Content Determination
Ethanol content in all ciders (Table 4 ) was determined by HPLC using an Agilent 1200 equipped with refractive index detector RID1 A (Agilent Technologies, Santa Clara, CA, USA). A chromatographic column WATREX 250 × 8 mm Polymer IEX H form, 8 µm (Agilent Technologies, Santa Clara, CA, USA) was used for separation, conditions of determination were set according to method published by Strejc, Siristova, Karabin, Almeida e Silva, and Branyik, (2013) [43] . All samples were analyzed at least in triplicate.
Sample Preparation
The basic sample preparation method and GC/MS were carried out in accordance with [44] . Before analysis, all ciders were stored at 4 • C, then 200 mL samples of these ciders were shaken for 7 min on a shaker (frequency of 175/min) to reduce the CO 2 content. After shaking, ten mL of the sample together with 1 g of NaCl and 100 µL of an internal standard solution (ethyl heptanoate 11.68 g/L and 3-octanol 21.83 g/L in 70% (v/v) ethanol/water solution) were placed into a 20 mL dark vial sealed with a PTFE-silicone septum (Supelco; USA) and stirred on a vortex mixer until all salt was dissolved (1 min). Volatiles were isolated by head space-solid phase microextraction (HS-SPME) using an 85 µm Carboxen ® /Polydimethylsiloxane (CAR/PDMS) SPME fiber. The isolation was performed for 40 min at 50 • C in agitator. Conditions of the extraction were set according to a method published by Nespor, Karabin, Hanko, and Dostalek, (2018) [44] , with modification, such as different time of extraction for the specific matrix of the cider.
GC-MS Condition
GC-MS analyses were performed on an Agilent 6890N GC gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) coupled with a single quadrupole Agilent 5975B Inert MSD mass detector (Agilent Technologies, Santa Clara, CA, USA). A polar DB-624 UI (30 m × 0.250 mm × 1.40 µm; Agilent Technologies, Santa Clara, CA, USA) column was used. The flow rate of carrier gas (Helium 6. 0-Linde Gas, DE) was 1 mL/min. The injection port was heated to 260 • C, desorption time was set at 10 min, and analyses were performed in 2:1 split mode. The temperature program of the column oven was started for 10 min at 30 • C followed by an increase to 52 • C with a 2 • C/min gradient. After a 2 min delay, the same gradient was used to increase the temperature to 65 • C, which was then held for 2 min. Finally, the temperature was increased at 5 • C/min to 250 • C and held for 3 min. The ionization energy was 70 eV and scanned mass range was 20-500 Da.
Identification and Statistical Evaluation
Individual compounds were identified by their specific retention time and by comparing mass spectra with standard mass spectra listed in the National Institute of Standards and Technology MS 2.0 spectral database. Quantification of individual compounds was performed using four-point external calibration curves obtained by analyzing cider with the addition of different concentrations of standards. All analyses were performed in triplicate and peak areas were unified using internal standards (externally mixed solution of ethyl heptanoate and 3-octanol). The linearity of the calibration curves for each substance were verified from squares of the correlation coefficient (r 2 ), which was not lower than 0.95.
Statistical evaluation was performed in Statistica software, version 12 (Statsoft, Inc., Tulsa, OK, USA). The results were statistically evaluated using a factor analysis (FA-Factor Analysis) and a principal component analysis (PCA-Principal Component Analysis), and processed into a scatter-plot.
Conclusions
In this work, a set of 34 European ciders was analyzed by HS-SPME/GC-MS. Fifty eighth compounds were identified and 22 of these compounds (4 short and medium chain fatty acids, 6 higher alcohols and 12 esters) were quantified by HS-SPME-GC-MS using a polar DB-624 UI GC-column and 85 µm Carboxen ® /Polydimethylsiloxane (CAR/PDMS) SPME extraction fiber.
Principal component analysis confirmed the differences between ciders produced by craft and large-scale producers, arising as a result of using different technological approaches. The most significant differences, resulting from the use of different raw materials and production technologies, were in the differing compositions of higher alcohols (2-methylpropanol, 2-methylbutanol and butane-2,3-diol), esters (ethyl-2-methylbutanoate, isoamyl acetate, ethyl hexanoate and ethyl octanoate) and octanoic acid. Also, the influence of microorganisms (autochthonous culture, pure Saccharomyces yeast strains or a combination of both) was manifested in differing contents of 3-methylbutanol, 2-phenylethanol, hexanol, ethyl acetate, butyl acetate, isoamyl acetate, ethyl hexanoate, ethyl octanoate and ethyl decanoate, and two acids (acetic and octanoic). This suggests that traditional technologies, used in specific areas, are a prerequisite for preserving the characteristic sensory properties of local types of cider.
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